The article presents the design stages, the principles of operation, and the tests of the force that is exerted on the operator. It also includes the developed a laboratory stand for testing the force interactions, concepts and ways of implementing the transfer of tactile stimuli, subsequent variants of the developed devices with the short description of them, the project of the operator-surgeon stand that is based on the assumption that the method of control of this device is compatible with the natural work of the surgeon, and the project of control console that is used to manipulate the surgical robot. This paper presents the actual state of the work and further possible directions of the development of the human-machine interface which is developed within the project LIDER VIII.
INTRODUCTION
Nowadays, due to the growing demand of patients and doctors for less traumatic surgical methods, the idea of the operations performed by robots (telemanipulators) has appeared. Medical robotic systems can make surgical and rehabilitation interventions more efficient, accurate, accessible, and reliable. Thanks to that, the load of healthcare systems will be reduced. The need to introduce surgical robots to the operating rooms is caused by the current long waiting times for operations and the decreased group of specialists. The application of the robots not only increases the quality of operations, but also shortens the time of the procedure by using the advantages of the tools that are used during this operation. Medical robotic __________ 1 Professor Zbigniew Religa Foundation of Cardiac Surgery Development, 345a Wolności Street, 41-800 Zabrze, Poland instruments are connected with instrumentations, imaging, and the verification of the tool position in real time. A schematic diagram of surgery using surgical robots is shown in Fig. 1 . On the one hand, there is a surgeon with the control console. On the other hand, there is the patient and the telemanipulator. The control console is equipped with special interfaces, which is a motion controller, to manipulate the robot. The surgeon's knowledge about the current position of the tool is needed for real time controlling. It is possible, thanks to the laparoscopic camera connected to the console monitor screen on which the operator observes the operating area. Based on the currently displayed image, the surgeon decides about the location of the laparoscopic tool inside the patient's abdominal cavity. Thanks to this solution, the surgeon can comfortably carry out surgery in a sitting position. This significantly increases his work comfort [1] [2] [3] [4] [5] . 
THE IDEA OF CONTROL
Unlike operations using a robot, during operations performed manually the surgeon loses the sense of touch, which he uses to subjectively determine with what force the tool, held in his hand, affects to the organs. Currently, research works about the possibility of providing to the surgeon the additional information gathered from the operating area are being conducted. One of the concepts is the possibility of placing a special sleeve on the surgeon's forearm. Its main task is to exert an appropriate stimulus with the information about the contact of the tool with the object. The concept of this solution has been described by the author in the following works [1, [6] [7] [8] [9] ].
The control system with the force feedback is the one of the most popular methods of controlling the telemanipulators (Fig. 2 ). The idea of such control procedure includes the following stages:
1. The operator observes the current position of the tool on the monitor screen and at the same time he changes the position of his hand in which he holds the end part of the motion controller. 2. Motion controller is equipped with a measuring system (encoders) that allows identification of the current position of the surgeon's hand in the space. 3. The control signal from the motion controller is transmitted to the telemanipulator, which changes the orientation of his arm by using the servomechanism. 4. Along with the movement of the telemanipulator, the position of the tool also changes, and the manipulation of additional degrees of freedom of the tool and opening or closing the effector jaws are performed. 5. The surgical instrument may be equipped with the additional sensors that allow one to measure the force value. The force measurement can be also done on the robot arm. 6. The force value is transmitted to the motion controller. 7. The motion controller contains of some motors that allow the generation of the force with a given value and direction, which exerts an influence on the operator's hand and fingers. 8. The operator, thanks to the sensory receptors found in the skin of the hand, is able to recognize with what force and in what direction the contact with the organ occurred. Based on the visual observation and sensible forces, the surgeon makes further decisions about manual operations. The implementation of the force feedback control includes: visual observation of the operating area, repeating the end part of the laparoscopic tool the movements of the surgeon's hands, and also exerting a force vector that affects the hand holding the gripping part of the motion controller.
The particular control interfaces (motion controller) vary in kinematics and work parameters. They were discussed with more details in the author's works [6] [7] [8] .
Together with the development of Polish medical robotics and the first industrial implementation of Robin Heart PVA robot in the Foundation for Cardiac Surgery Development (FRK), a tool and motion controller (with the force feedback) dedicated to the Robin Heart robot were developed. The measurement of the force that is necessary for the implementation of the force feedback can be carried out in the following several ways [11] [12] [13] [14] :
-By measuring the power parameters of drive motors (e.g., currents) for particular degrees of freedom of the tool and the robot; -By placing force sensors in the place where the tool is connected to the robot's arm; -By fixing the sensors on the laparoscopic tube; -By measuring the force in the drive rods; and, -Through the measurement of the force in the effector of the tool.
COMPLETED WORKS
Due to the specification of the tool work (maintaining a constant transition point through the skin layers) and the distance between the actuator of the instrument and the fixed point, the displacement in the Z axis under the project INCITE (Intelligent Catheters in Advanced Systems for Interventions) that is coordinated by the Dutch company Phillips with the cooperation with a team of physicists and engineers from Hungarian Academy of Sciences (EK MFA, 3D Silicon), the Robin Heart robot with the special micro sensor 3D was developed. The laparoscopic tool (grasper) has been integrated with two force sensors in the effector of the instrument. A view of the end part of the tool with the located sensors is shown in Fig. 3 . The first of them (SA) enables one to measure the clenching force of the effector's jaw, the other one (SB), which is located in the frontal part of the instrument, enables the measurement of force in X, Y, and Z axes. A tool equipped with force sensors is mounted on the Robin Heart PVA robot arm. The robot is controlled through a console equipped with a motion controller with the force feedback.
The three prototype versions (H, F, and L of the motion controller RobinHand) were designed taking into account the delta type parallel kinematic structure.
In the last version (RobinHand L), the griping part which the operator holds in the hand during the manipulation of the motion controller has been improved. Now it is possible to perform the 7 degrees of freedom (7DOF). The degrees of freedom (ABC) that are used to control the tool/robot with additional articulated parts and the degree of freedom D that performs the opening and closing of the jaws of the instrument are carried out by the gripping part of the motion controller. The ergonomics of the gripping part have also been improved. Currently, it is adjusted to the operator's hands. The lines passing through the centres of the articulation elements intersect at exactly one point, between the operator's fingers. The force feedback is performed in the directions X, Y, and Z and in the jaw clamp D. Thanks to this solution, the manipulation of the motion controller became more intuitive. The construction of such complex shapes required the use of the latest technologies, manufacturing -3D printing, as well as the connection of individual components (metal-plastic, metal-composite). Thanks to the use of rapid prototyping technology (3D printing with FDM method, used material: PCABS), it was possible to minimize the mass of the subassembly that was manipulated by the operator. This solution also allowed a shorter time for implementation of subsequent prototype versions. The minimum value of the force exerted on the user/surgeon was determined by using a test stand with one degree of freedom ( Fig. 4 ). The user moved the gripping part in the range of 110 degrees. The gripping part that is used by the operator was connected in its upper part with the motor (1), and the six-element force sensor NANO 25 from ATI Industrial Automation Company was placed at the operator's hand. This sensor recorded the current force exerted by the drive on the user. The position and the current in the motor were also recorded during the experiment. The operator notices the resistance of the arm movement, which he manipulated then he pressed the button under his foot. Tests were carried out on a group of 10 people during the Surgical Workshops organized by FRK. The exemplary results obtained from measurements for left and right movement and two braking strategies are shown in Figure 5 . During the left-hand movement, the braking current grew dynamically as a function of the square difference between the actual and the set position. During the right-hand movement, the braking current increased linearly in the displacement function. The braking current was 500, 800, and 1500 mA, respectively. Figure 5 shows the results from a single measurement. The indication for reaching the breaking point is marked with red circles. Thanks to the use of rapid prototyping methods, the several conceptual models for mechanisms that implement the force feedback for displacements in X, Y, and Z axes were made. The laboratory stand to research different types of motors for haptic purposes was also developed. The tests with direct mechanism (the arm of the motion controller mounted on the motor shaft) and indirect mechanism (with using the transmission) were conducted. The tests were carried out including different types of drive systems, i.e. belts, and toothed and friction gears.
Various types of belts were used for the tests, i.e. metallic, plastic, and a combination of metallic and plastic materials.
The motors and measuring systems from Maxon, Faulhaber, Wobit, Rainshaw, Kubler, and Nanotec were used during the research works. Figure 6 presents the prototypes of selected variants of the transmission in the arms of the motion controller. Reproducibility tests of performed movements (the impact of the material and braid of the cable to the slip) were carried out at the stand with indirect mechanisms. Values derived from encoders located on the active and passive shaft of the drive mechanism were used. The motor DC Maxon 32691 and MOK40-5000-1224-BZ-K from Wobit were used to drive the active shaft. For the purpose of determining the possible slip of the cable on the active pulley, a 24-hour tests research under the loading of 0.5N, 1N, and 3 N were conducted.
Based on the conducted analyses, it is possible to conclude that the highest repeatability of the performed movements and minimal wear of the cable was observed for the mechanism with a cable made of plastic that is placed in guide grooves located on the drive wheel. The number of cable braids for the drive wheel was in range from 2 to 8. Figure 6 . Prototypes for variants of transmission: a) with direct drive mechanism, b) with using indirect mechanisms, c) mechanism with toothed belts, d), e) with using a belt drive that are braided on the drive drum.
For the purpose of implementations of the force feedback in the end part of the motion controller, the various test variants of the part that is held by the operator were made using various mechanisms were made, e.g., belt drives or gear drives (Fig. 7) . The tests were for two concepts: with one movable finger (index finger, Fig. 7a ), and two fingers (index finger and thumb) working in parallel (Figs. 7b and c) are performed.
The prototype motion controller called RobinHand L was integrated with the control console and the Robin Heart Tele robot (Fig. 8 ). 
CONCLUSIONS
Based on the preliminary research, a minimum value of the force that must affect the operator so that it can be felt on the hand during manipulation has been determined. The conducted experiment shows that much more accurate indications were obtained for the braking currents whose value increased in a dynamic way. For the current which changes in dynamic way, the minimum breaking current that the test group was able to indicate (100% of correct indications) was equal 1.5 A. Due to the limitations of the manufacturer that recommends to not exceed the value 4.3 A, it was decided to use an additional gearbox in the drive of the motion controller. This gear allowed the generation of the forces with the much higher values (without increasing the braking currents). Based on the carried out experiments, it can be concluded that the belt transmission was characterized by minimal resistance to movement and quiet operation. Taking into account the fatigue tests, the best results were obtained for gears with a cable made from plastic that is braided five times on the driving drum. On the driven wheel, the cable from one side is fixed and on the other hand it is tensioned with a spring. To perform the opening-closing action of the jaws of the instrument, the two-finger mechanism that works in parallel during the gripping is the most convenient solution for the operator. A belt drive was also used for this solution. As a part of further work, it is planned to use a belt drive instead the direct mechanisms.
